A novel rotating linear polarization imaging technique is developed to characterize the anisotropic properties of tissues. Differences of orthogonal linear polarization with different incident and detection polarization angles are fitted to an analytical function to retrieve a set of parameters. Experiments with different tissues and Monte Carlo simulations indicate that two of the parameters, G and 3 /2, are correlated to the anisotropic property and the orientation angle of the fibrous structure in the media. The technique can be used for clinical diagnosis.
Introduction
There has been growing interest in studies of polarization imaging in turbid media for achieving higher imaging quality or better characterization of the samples. [1] [2] [3] [4] The primary advantage for clinical application of polarization imaging is that it suppresses backscattered photons from deep tissues and improves the image contrast and resolution in the superficial layers where many cancers start to develop. Degree of polarization ͑DOP͒ imaging with linearly polarized light has been successfully used in clinical diagnosis of many cancers. 2 Other polarization measurements, such as Mueller matrix polarimetry 5, 6 and Stokes polarimetry, 7 have also been used to retrieve structural and optical information of turbid media.
Most biomedical tissues are anisotropic, and many contain prominent fibrous structures. 8 It has been found in our work and by other authors that linear polarization images with single incident polarization can be very different when the incident polarization or sample orientation is changed. 7 It could be uncertain whether the observed differences represent physiological differences or the optical artifacts due to changes in incident polarization or sample orientations for different tests. [9] [10] [11] Such uncertainty may affect objective diagnostics in clinical applications. Objective and quantitative characterization of anisotropic tissues remains a challenge.
In this work, we present a novel technique, rotating linear polarization imaging ͑RLPI͒, which provides a set of parameters to objectively and quantitatively characterize the anisotropic properties of the scattering media. It is based on a reflective linear polarization imaging system but with independently rotating incident and detection linear polarization angles. Linear differential polarization ͑LDP͒ images are fitted at each pixel to an analytical function of the incident and detection polarization angles to retrieve a set of new images of the fitting parameters. Both experiments on different tissues and Monte Carlo simulations show that at least two of the parameters have clear physics meanings, representing the structure anisotropy and the orientation angle of the fibrous structure in the samples. The images are all independent of the incident and detection polarization angles.
Experiment Setup and Data Processing
The experimental setup ͑Fig. 1͒ is similar to a typical reflective linear polarization imaging system. 2 650-nm light from a 1-W LED is collimated by a lens L1, propagates though a linear polarizer P1, and illuminates the sample at 25 deg to the normal of sample surface, which is defined as the Z axis. Backscattered photons from the sample pass through the analyzer P2, are collected by lens L2, and recorded by a 12-bit charge-coupled device ͑CCD͒ ͑Retiga EXi, QImaging, Surrey, British Columbia, Canada͒. The image size is 520ϫ 696 pixels and each pixel is 13ϫ 13 m 2 . Driven by two-step motors, both P1 and P2 can rotate around their optical axis to vary the polarization angles for illumination i and for detection s . The samples are different types of tissues, such as muscles, connective tissues, and fats from different animals, including bovine, chicken, and porcine. A glass plate is placed in close contact to the sample to direct surface glare away from the detector.
In each experiment, we record a series of images I͑ i , s ͒. For each incident polarization angle i , we take a number of image pairs corresponding to orthogonal detection polarization angles s and s + / 2. However, at least once we choose s = i to obtain the DOP image. Then we calculate LDP at each pixel ͑x , y͒:
For a fixed s , the LDP x,y ͑ i ͒ at each pixel ͑x , y͒ is cosinoidal ͓Fig. 2͑a͔͒:
where I in is the incident intensity. It was found in the experiments that Eq. ͑2͒ stays valid for all the different samples we have tested. In fact, a similar cosinoidal expression was also proposed for polarization measurements in transmission mode. 12 The authors speculated a connection between the parameters in the expression and tissue characteristics, but did not give experimental evidences or detailed analysis.
Further examinations reveal that h 1 2 and h 3 are also cosinoidal functions of the detection polarization angle s ͓Figs. 2͑b͒ and 2͑c͔͒:
Experimental data do not indicate a simple relation between h 2 and s .
Combining Eqs. ͑2͒-͑5͒, we obtain an analytical expression of LDP:
For the LDP image series, fitting the data at each pixel to Eq. 
More discussions about these parameters are given in following sections.
Interpretation of the Fitted Parameters
In this section, we examine in detail the parameters obtained in RLPI to understand their physical origins, particularly their relations with the structure of the biological samples. The sample is a chicken heart ͑Fig. 4͒ whose lower part is removed to reveal a 9-mm-diam cross sectional area of the left ventricle. Typically, 36 images are captured for each experiment, corresponding to six incident and detection polarization angles, respectively. Each experiment takes about 8 s limited only by the rotation mechanics of the polarizers. Figure 3͑a͒ shows a CCD image of the cross section. It is divided into three circular sections marked 1, 2, and 3. It is known from anatomy that the highly fibrous heart muscles are aligned to different directions at different sections of the heart. The muscle fibers are aligned perpendicular to the imaging plane at zone 1, and parallel to the imaging plane at zone 2. Close to the center at zone 3, alignment of the heart muscles varies.
In the RLPI experiment, at each incident polarization angle i we record a series of image pairs corresponding to detection polarization angles s and s + / 2. s can take any value, but has to include the special case s = i . Therefore, during the RLPI experiment, we can obtain the DOP and a series of corresponding LDP different incident polarization states. Figures 3͑b͒ and 3͑c͒ show two DOP images of the same sample but with different incident polarization angles i and i + / 4. It is clearly demonstrated that DOP images with different incident polarization can be very different.
Figures 3͑d͒-3͑h͒ show the images of A, B, C, G, and 3 / 2. Figure 3͑g͒ shows clearly the three zones: G is small at zone 1 and high at zone 2. It shows more complex structures at the central area, zone 3. Considering the anatomical structure of chicken heart, one may suspect that G is higher when the fibrous structure of the sample is well aligned in the image plane. Figure 3͑h͒ shows that in zone 2 where G stays high, 3 / 2 varies continuously along the circle. We choose a series of equally spaced 7 ϫ 7 pixel square areas ͑0.1ϫ 0.1 mm 2 at the sample͒ along the circle, as shown in Fig. 3͑h͒ , and calculate the mean value of 3 / 2. Figure 3͑i͒ shows that 3 / 2 varies almost linearly with the angle along the arc and may represent the orientation of a fibrous structure.
RLPI is independent on the incident polarization angles. Since the experimental setup is not axially symmetric, the fitted parameters may vary slightly as the sample rotates. We examine this effect by taking RLPI measurements as the sample rotates around the Z axis. For quantitative examination, we choose a 7 ϫ 7 pixel rectangle region on the images ͑0.1ϫ 0.1 mm 2 at the sample͒ as the region of interest ͑ROI͒ and calculate the mean values of DOP, A, B, C, 3 / 2, and G for different sample orientations. The results are shown in Fig. 5 . The variation of C with sample rotation is more prominent than A and B, and the period varies at different parts of the image. G stays almost constant during sample rotation, which is consistent with the assumption that G is related to the order of alignment of the fibrous structure. 3 / 2 varies almost linearly with the sample's rotation angle, proving that it indeed represents the orientation angle. It is also expected that the 3 / 2 curve should be subject to "smoothing" as shown in Fig.   5͑b͒ , since the orientation of the fibrous structure may not be the same within the ROI.
More evidences on the relation between G and anisotropy of the sample are provided by RLPI experiments on tissues of different fibrous structure and alignment. Mean values and relative standard deviations ͑RSD= SD/ mean*100%͒ of G are calculated over 7 ϫ 7 pixel ROI and listed in Table 1 .
It is clearly seen from Table 1 that there is a strong correlation between G and the order of alignment, or anisotropy, of the fibrous structure in the imaging plane ͑x-y plane͒. All the different skeletal muscles in groups 1, 3, and 5 contain prominent and well-aligned fibrous structures in the imaging plane. They all show very high G and small RSD. Samples in group 2 are the same bovine skeletal muscle as that in group 1, but are rotated to make the well-aligned muscular fibers run perpendicular to the imaging plane. This results in a sharp reduction of anisotropy in the x-y plane. Therefore, G is much smaller and not well defined as the RSD increases sharply.
Samples in groups 4 and 6 are porcine and gallinaceous skeletal muscles, the same as those in group 3 and 5, but their fibrous structures look less regular. The structure is less ordered and the anisotropy should be smaller. Table 1 does show significant reduction in the measured G and an increase in the RSD. Porcine liver and fat tissues in groups 7 and 8 are known to be isotropic. 13 The measured Gs are small and the RSDs are large.
Therefore, we can conclude that G and 3 / 2 correlate quantitatively to the anisotropy of the fibrous structure and the fiber orientation angle in the sample. Images of these two parameters provide more objective information on the microstructure and optical property of tissues.
Discussion
Although the analytical expression for LDP, Eq. ͑6͒, was first obtained empirically, it can also be derived from the text book scattering theory for polarized photons. 14 For simplicity, we consider normal incidence and detection, which do not affect the validity of the conclusion.
Stokes vector of the detected photons S out can be expressed as the products of the Mueller matrixes of the analyzer M s , sample M, polarizer M i , and the Stokes vector of the incident light S in :
where, 
͑11͒
S out = ͓I out ,Q out ,U out ,V out ͔ T , ͑12͒
If the incident light is nonpolarized, Q in = U in = V in =0, we get 
where, More evidence on the physics origin of the RLPI parameters is also given by Monte Carlo simulations. In a spherecylinder scattering model, general anisotropic tissues are approximated to a mixture of solid spherical and infinitely long cylindrical scatterers suspended in liquid. 15, 16 Orientation angle of the cylindrical scatterers fluctuates around a fixed direction following a Gaussian probability distribution. The fraction of spherical scatterers and the width of the Gaussian distribution vary independently to change the anisotropy of the scattering media. Using a Monte Carlo program, 15 we simulate the propagation of polarized photons in such samples and obtain the RLPI parameters following the same experimental condition and data analysis procedures as described in previous sections. For the results shown in Fig. 6 , the diameters of the spherical and cylindrical scatterers are 1.5 and 2.0 m, respectively, refractive indices of the scatterers and the liquid are 1.4 and 1.35, and the total scattering coefficient is 100 cm −1 .
As the fraction of spherical scatterers in the mixture or the width of the Gaussian distribution increases, the sample becomes less anisotropic. As shown in Fig. 6͑a͒ , G derived from the simulated data also decreases monotonously, which confirms that G is related to the structural anisotropy of the sample.
Then we examine the relation between 3 / 2 and the cylinder orientation. The cylindrical scatterers take 80% of the total number of scatterers and their orientation fluctuation within a Gaussian distribution of 25-deg full-width at half maxium ͑FWHM͒. As shown in Fig. 6͑b͒ , 3 / 2 derived from the simulated data varies linearly with the most probable orientation of the cylinders, which confirm that 3 / 2 represents the fiber orientation in the sample.
Monte Carlo simulation is also used to study the dependence of the RLPI parameters on the backscattered photons from different depths. Figure 7 shows the relation between A, B, C, and the thickness of the sample. As the thickness of the sample increases, A and B are quickly saturated, but C keeps increasing. It is evident that backscattered photons from the superficial layer make the most significant contribution to A and B, while photons from the much deeper layer still contribute to C. Therefore, both A and B represent the information from the superficial layer, and C carries the information from deeper layers.
Conclusion
We develop a rotating linear polarization imaging ͑RLPI͒ technique. It is shown that linear polarization difference ͑LDP͒ follows an analytical relation to incident and detection Fig. 6 ͑a͒ Dependence of G on the fraction of spherical scatterers and the width of the Gaussian distribution. ͑b͒ Dependence of 3 /2 on orientation angle of the cylindrical scatterers. Fig. 7 Dependences of A, B, and C on the sample's thickness. Curves for A and B are both normalized to the maximum of B, and C is normalized to its own maximum. polarization angles. By fitting LDP images pixel by pixel to an analytical expression, we obtain a set of new images of the fitting parameters that are independent on incident polarization. Both experiments on tissues and Monte Carlo simulations prove that two of the parameters, G and 3 / 2, correlate to the anisotropy and orientation angle of the fibrous structure in tissues. The new technique can be used for objective and quantitative characterization of anisotropic tissues, and for clinical diagnosis of skin diseases.
